Background/Aim: Epithelial Na + channels (ENaC) play a crucial role in control of blood pressure by regulating renal Na + reabsorption. Intracellular trafficking of ENaC is one of the key regulators of ENaC function, but a quantitative description of intracellular recycling of endogenously expressed ENaC is unavailable. We attempt here to provide a model for intracellular recycling after applying a protease inhibitor under hypotonic conditions. Methods: We simulated the ENaC-mediated Na + transport in renal epithelial A6 cells measured as short-circuit currents using a four-state mathematical ENaC trafficking model. Results: We developed a four-state mathematical model of ENaC trafficking in the cytosol of renal epithelial cells that consists of: an insertion state of ENaC that can be trafficked to the apical membrane state (insertion rate); an apical membrane state of ENaC conducting Na + across the apical membrane; a recycling state containing ENaC that are retrieved from the apical membrane state (endocytotic rate) and then to the insertion state (recycling rate) communicating with the apical membrane state or to a degradation state (degradation rate). We studied the effect of aprotinin (a protease inhibitor) blocking protease-induced cleavage of the extracellular loop of γ ENaC subunit on the rates of intracellular ENaC trafficking using the above-defined four-state mathematical model of ENaC trafficking and the recycling number relative to ENaC staying in the apical membrane. We found that aprotinin significantly reduced the insertion rate of ENaC to the apical membrane by 40%, the recycling rate of ENaC by 81%, the cumulative time of an individual ENaC staying in the apical membrane by 32%, the cumulative life-time after the first endocytosis of ENaC by 25%, and the cumulative Na + absorption by 31%. The most interesting result of the present study is that cleavage of ENaC affects the intracellular ENaC trafficking rate and determines the residency time of ENaC, indicating that more active cleaved ENaCs stay longer at the apical membrane contributing to transcellular Na + transport via an increase in recycling of ENaC to the apical membrane. Conclusion: The extracellular protease-induced cleavage of the extracellular loop of γ ENaC subunit increases transcellular epithelial Na + transport by elevating the recycling rate of ENaC due to an increase in the recycling rate of ENaCs associated with increases in the insertion rate of ENaC.
Introduction
Epithelial Na + reabsorption plays an essential role in regulation of body fluid content, blood pressure, and lung alveolar fluid volume [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Epithelial Na + reabsorption is a two step process: 1) the first is the entry of Na + across the apical membrane of epithelial cells into the intracellular space via epithelial Na + channels (ENaC) located at the apical membrane, and 2) the second step is transport of Na + from the intracellular space across the basolateral membrane of epithelial cells via the basolateral Na + ,K + -pump [3, 4] . The rate-limiting step in transepithelial Na + transport is generally considered to be the Na + entry step through ENaC rather than the Na + extrusion step through the Na + ,K + -pump. Therefore, transepithelial Na + transport depends on the amount of Na + entry via ENaC across the apical membrane, which is controlled by the number of ENaCs and the activity (open probability) of individual ENaC located at the apical membrane [3, [11] [12] [13] [14] [15] .
The total number of subunits in a functional ENaC that consists of α, β and γ subunits has been reported to be from 3 to 9. Before the crystallization of ASIC1 [16, 17] , an ion channel which belongs to the ENaC/Degenerin superfamily, a stoichiometry of two α, one β, and one γ subunits was generally accepted [18] . Recent studies, however, indicate that ENaC consists of a trimer, one α, one β and one γ subunits [19] [20] [21] [22] .
An inherited disease developing hypertension, Liddle's syndrome, is caused by mutations with deletion or disruption of a C-terminal PY motif in ENaC, which increases the number of ENaC expressed at the apical membrane via disruption of its binding to Nedd4-2, an E3 ubiquitin-protein ligase degrading ENaC [23] [24] [25] [26] . In addition to the number of ENaC expressed at the apical membrane, the activity (open probability) of individual ENaC regulated by cleavage of the extracellular loop of ENaC is also an essentially important factor determining renal Na + reabsorption [27] . However, it remains uncertain whether the activity (open probability) of individual mutated ENaC in Liddle's syndrome differs from wild type ENaC. Liddle's syndrome shows the increased fraction of cleaved (active) ENaCs at the apical membrane [28] . This observation may suggest a possible link between the cleavage of the extracellular loop of ENaCs and the intracellular trafficking of ENaCs.
The number of ENaCs located at the apical membrane is determined by trafficking of ENaCs between cytosolic ENaC stores and the apical membrane. Accordingly, ENaC insertion into and retrieval from the apical membrane are key factors in determining the number of ENaCs located in the apical membrane [11, 29] . In addition to insertion and retrieval of ENaC, ENaC, once retrieved, can either move into a degradative pathway or into a recycling pool from which ENaC can be re-inserted into the apical membrane and, thereby, play a significant role in determining the density of ENaC at the apical membrane. However, no information is available on the quantitative recycling rates of ENaCs.
As mentioned above, regulation of channel activity (open probability) of individual ENaC located in the apical membrane also contributes to the amount of Na + entry via ENaCs.
Each subunit has two membrane-spanning domains and an extracellular loop [27, [30] [31] [32] . The extracellular domains of α and γ subunits of ENaC are targets for proteases [27, 32] . Two sites of the extracellular loop of α ENaC subunit are cleaved by furin, a protease, located in the Golgi apparatus [27, 32] . One site of the extracellular loop of γ ENaC subunit is also cleaved by furin [27, 32] ; but the extracellular loop of γ ENaC subunit is further cleaved by several extracellular proteases at various sites after insertion into the apical membrane [27, 32] . Cleavage of the extracellular loop of ENaC is one of the key factors regulating activity (open probability) of individual ENaC: i.e., the cleavage of the extracellular loop of ENaC is required for activation of ENaC [27, [33] [34] [35] [36] . Although proteases activate ENaC, it is unclear whether cleavage of the extracellular loop of ENaC affects the amount of ENaC resident in the apical membrane. Thus, in the present study, we tried to clarify the effect of protease inhibitor on the insertion, endocytotic and recycling rates of ENaCs by developing a fourstate mathematical model of intracellular ENaC trafficking. Our present study indicates for the first time that aprotinin (a protease inhibitor)-induced blockade of ENaC cleavage after insertion of ENaCs into the apical membrane affects the intracellular trafficking rates of ENaC, and suggests the interesting new idea that while cleavage of ENaC increases ENaC open probability, cleavage also increases the recycling rate leading to a higher ENaC density in the apical membrane.
Materials and Methods

Chemicals
We obtained NCTC-109 medium and fetal bovine serum from GIBCO (Grand Island, NY, U.S.A.), aprotinin and phorbol 12-myristate 13-acetate (PMA) from Nacalai Tesque (Kyoto, Japan). We purchased all other chemicals from Sigma (St. Louis, MO, U.S.A.). Aprotinin was dissolved in dimethyl sulfoxide (DMSO), the final concentration of which was 0.1% This concentration of DMSO had no effect on the short-circuit current (I SC ).
Solutions
The isotonic solution with 255 mOsm/kg H 2 O (in mM) contained 120 NaCl, 3.5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 N-2-hydroxy-ethylpiperazine-N'-2-ethanesulfonic acid (HEPES), and 5 glucose, while the hypotonic solution with 135 mOsm/kg H 2 O contained 60 NaCl, 3.5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 5 glucose. pH of both solutions was adjusted to 7.4 with NaOH.
Cell culture
We obtained A6 cells, which are renal epithelial cells derived from the kidney of Xenopus laevis, from American Type Culture Collection (Rockville, MD, U.S.A.) at passage 68. A6 cells (passage 76 -84) were cultured on plastic flasks in a humidified incubator in a culture medium that contained 75% (v/v) NCTC-109 (Sigma-Aldrich, Inc.), 15% (v/v) distilled water with 10% (v/v) fetal bovine serum at 27 °C and 1.0% CO 2 in air [37] . When we measured I SC , we seeded the cultured A6 cells onto tissue culture-treated Transwell filter cups with polycarbonate porous membranes (Costar Corporation, Cambridge, MA, USA) at a density of 5 x 10 4 A6 cells/well and cultured the cells for 13 -15 days. Approximately 3 x 10 6 A6 cells/well existed at measuring I SC after culturing A6 cell for 13 -15 days and the culture A6 cells formed a monolayer.
Measurements of short-circuit current (I SC ) under a hypotonic condition and application of 40 μM aprotinin
We washed the A6 cell monolayer cultured in Transwell filter cup using the isotonic solution. Then, we transferred the Transwell filter cup with cultured A6 cell monolayer to a modified Ussing chamber (Jim's Instrument, Iowa City, IA, U.S.A.) designed to hold the Transwell filter cup in the isotonic solution. After this preconditioning under an isotonic condition for 1 h to obtain a stable condition in a modified Ussing chamber, we changed the experimental solution from the isotonic solution to the hypotonic solution with and without 40 μM aprotinin. We measured I SC by voltage clamping the transepithelial electrical-potentialdifference to 0 mV using a high-impedance millivoltmeter (VCC-600, Physiologic Instrument, San Diego, CA, U.S.A.) [38] . In the present study, we represent a net flow of cations from the apical to the basolateral solutions as a positive current; i.e., the transepithelial Na + absorption is represented as a positive current (I SC ). The bathing solution was stirred by bubbling with 21 % O 2 / 79 % N 2 . During the preconditioning 1 h period in the isotonic solution and the 24 h period in the hypotonic solution, no amino acids or serum was supplied.
The benzamil-sensitive I SC As previously shown [29, 39] , most parts of the hypotonicity-induced I SC is sensitive to benzamil, a specific blocker of ENaC [40] : i.e., the I SC under the basal condition (the normal solution) is almost completely blocked by 1 μM benzamil, and the hypotonicity-induced I SC is negligibly small in the presence of 1 μM benzamil. Therefore, the hypotonicity-induced I SC consists of the benzamil-sensitive one indicating the ENaC-mediated current.
Temperature
We performed all experiments at 22 -23 o C, since A6 cells are derived from the kidney of Xenopus laevis (an amphibian cell line).
Data presentation and statistics
Results shown in Tables are expressed as the mean ± standard deviation (S.D.). Statistical significance was determined by Student's t-test, and p < 0.05 was considered significant.
Results
Simulation of intracellular ENaC trafficking
Although proteases are well known to increase the open probability of ENaC by cleaving extracellular loops, the action of protease on intracellular trafficking of ENaCs is still unknown especially in systems that endogenously express ENaC. To evaluate the quantitative kinetics of intracellular trafficking of endogenously expressed ENaC and to clarify the action of protease on intracellular trafficking of endogenously expressed ENaCs, we developed a fourstate mathematical model of ENaC trafficking ( Fig. 1) with the following components: an insertion state (Insert) of ENaC that can be trafficked to the apical membrane (insertion rate, 2) An apical membrane state (Apical) with ENaC that functions as Na + conducting pathways across the apical membrane. 3) An recycling state (Recycl) containing ENaCs that are retrieved from the apical membrane with an endocytotic rate, , and then back to the insertion state (Insert) with a recycling rate, , or to a degradation pathway (Degrad) with a degradation rate, .
( ) is the amount of ENaC at state, Insert, at time = .
( ) is the amount of ENaC staying at an apical membrane state, Apical, at time = .
( ) is the amount of ENaC staying at a recycling state, Recycl, at time = .
( ) is the amount of ENaC staying at a degradation state, Degrad, at time = . is the time elapsed after application of a hypotonic solution. Fig. 1 . Differential equations governing the overall flow can then be defined, as follows:
where t is the time elapsed after application of a hypotonic solution with or without 40 μM aprotinin and Insert (t), Apical (t), Recycl (t) and Degrad (t) are the amount of ENaCs located at the insertion state (Insert), the apical membrane state (Apical), the recycling state (Recycl) and the degradation state (Degrad) at time = t, respectively. If we define Insert 0 , Apical 0 , Recycl 0 and Degrad 0 as the value of the variables, Insert, Apical, Recycl and Degrad under basal condition (immediately before application of hypotonicity; i.e., the value of Insert, Apical, Recycl and Degrad at time zero), and solve equations (1), (2), (3) and (4), one can obtain a general solution for each variable:
where C 1 , C 2 , C 3 and C 4 are respectively given by the following equations (9), (10), (11) and (12), and l, m and n are the three roots, r, of the cubic equation (13) We washed the A6 cell monolayer cultured in Transwell filter cup using the isotonic solution. Then, we transferred the Transwell filter cup with cultured A6 cell monolayer to a modified Ussing chamber designed to hold the Transwell filter cup in the isotonic solution. We continuously kept the cells in the modified Ussing chamber using the isotonic solution for 1 h. After this preconditioning under an isotonic condition for 1 h to obtain the stable condition in a modified Ussing chamber, we changed the experimental solution from the isotonic solution to the hypotonic solution with and without 40 μM aprotinin. During the preconditioning 1 h period in the isotonic solution and the I SC measuring 24 h period in the hypotonic solution, we measured I SC as described in the Method. In the present study, we represent a net flow of cations from the apical to the basolateral solutions as a positive current; i.e., the transepithelial Na + absorption is represented as a positive current (I SC ). The bathing solution was stirred by bubbling with 21 % O 2 / 79 % N 2 . n = 5 for control experiments. n = 5 for aprotinin experiments.
Application of hypotonic stress stimulates I SC in renal A6 cells [29, 39, [41] [42] [43] [44] . As previously reported [42] , benzamil, a specific inhibitor of ENaC [45] , almost completely blocks I SC stimulated by hypotonic stress, indicating that the I SC observed under conditions with hypotonic stress is mediated via ENaC. Interestingly, the hypotonic stress-stimulated, ENaCmediated I SC is due to an increase in the number of ENaC located in the apical membrane but not to the activity (open probability) of individual ENaC, since activity (open probability) of individual ENaC is not affected by osmolality [42] . This means that hypotonic stress increases the number of ENaC located at the apical membrane by affecting the intracellular trafficking of ENaC without any effects on ENaC activity. Hypotonic stress increased I SC followed by a decrease in I SC (circles in Fig. 2A, control) . In the presence of aprotinin (a protease inhibitor), hypotonic stress also first elevated I SC followed by a decrease (circles in Fig. 2B , Aprotinin). The peak current in response to hypotonic stress alone was larger than the peak current with aprotinin (Fig. 2) . The smaller peak of I SC after treatment with aprotinin is likely partially due to low activity (open probability) of individual ENaC caused by aprotinin-induced inhibition of cleavage [27, [33] [34] [35] [36] .
Since Apical (t) depends on the amount of ENaCs located at the apical membrane state (Apical in Fig. 1 ) at time = t, I SC (t) will be proportional to Apical (t), where I SC (t) is I SC at time = t under conditions of constant activity (open probability) of ENaC. Therefore, by fitting the value of Apical (t) shown in equation (6) to the experimentally observed I SC (circles in Fig. 2) using equations (9) - (13), we can obtain the values of k I , k E , k R and k D . Red lines in Fig. 2 show the fitting results in the absence (a red line in Fig. 2A ) and presence (a red line in Fig.  2B ) of 40 μM aprotinin. Table 1 shows the values of k I , k E , k R and k D as estimated from the fitting process. As shown in Table 1 , treatment with aprotinin decreased k I and k R without any significant effects on k E or k D . Based on experimental observations and the four-state model, we were able to quantitatively estimate the amount of retrieved ENaC recycled to the intsertion state (Insert) (Fig. 1) , from which ENaCs could be re-inserted into the apical Table 1 . Evaluated values of ENaC's trafficking rates in the absence (control) and presence of aprotinin (40 μM). *, significantly different between control (n = 5) and aprotinin (n = 5) at p < 0.02.
#
, significantly different between control (n = 5) and aprotinin (n = 5) at p < 0.005. NS, no significant difference between control (n = 5) and aprotinin (n = 5) Fig. 3 . Time-dependent changes in the amounts of ENaC staying in four states, Insert, Apical, Recycl and Degrad shown in Figure 1 . An insertion state (Insert), an apical membrane state (Apical) with ENaC that function as Na+ conducting pathways across the apical membrane, a recycling state (Recycl) with ENaC that are retrieved from the apical membrane, and then back to an insertion state (Insert) or to a degradation state (Degrad).
( ) is the amount of ENaC at a state, Insert, at time = .
( ) is the amount of ENaCs staying at a state, Apical, at time = .
( ) is the amount of ENaCs staying at a state, Recycl, at time = .
( ) is the amount of ENaCs staying at a state, Degrad, at time = . is the time elapsed after application of a hypotonic solution.
( ), ( ), ( ) and ( ) respectively shown in equations (5), (6) , (7) and (8) membrane state (Apical) (Fig. 1) . Figure 3 shows the time-dependent change of amounts of ENaCs staying at each state shown in Fig. 1: Insert (t) is the amount of ENaC at the insertion state (Insert), at time = t; Apical (t) is the amount of ENaCs staying at the apical membrane state (Apical), at time = t; Recycl (t) is the amount of ENaCs staying at the recycling state (Recycl), at time = t; Degrad (t) is the amount of ENaCs staying at the degradation state (Degrad), at time = t, where t is the time elapsed after application of a hypotonic solution.
Recycling ratio of endocytotic ENaCs to the apical membrane; R R
The retrieved ENaC located in the recycling state (Recycl) (Fig. 1) could be recycled to the insertion state (Insert) (Fig. 1) or sent to the degradation state (Degrad) (Fig. 1) . Therefore, we can estimate the recycling ratio of ENaC (R R ), namely, the amount of retrieved ENaC recycled to the insertion state (Insert) (Fig. 1 ) from which ENaC could be inserted into the apical membrane state (Apical) (Fig. 1) from the following equation. The value of R R implies that 30% retrieved ENaCs would be recycled to the insertion state (Insert) under conditions of hypotonic stress, but this recycling rate is reduced from 30% to only 7% upon treatment with aprotinin ( Table 2 ). This means that cleavage of the extracellular loop of ENaCs plays a crucial role in determining ENaC's recycling ratio, R R , by increasing the recycling rate (k R ) without any significant effects on degradation rate (k D ) of ENaCs.
Relocation number (N R ) of an individual ENaC to the apical membrane
Further, we estimated how many times (N R ) an individual ENaC is relocated to the apical membrane state (Apical) after the first retrieval (Fig. 1) . ENaC retrieved into the recycling site (Recycl) is recycled to the insertion state (Insert) (Fig. 1) or translocated to the degradation state (Degrad) (Fig. 1) . Therefore, the recycling number (N R ), that is, how many times ENaC is recycled to the apical membrane state (Apical) during the whole life of ENaC after the first retrieval ( Fig. 1) , is determined by equation (15) based on R R (see equation (14)).
As shown in Table 2 , aprotinin diminished N R by 82%, due to a reduction in the value of R R , the probability that a channel will enter the insertion state (Insert) in Fig. 1 and subsequently re-enter the apical membrane in Fig. 1 , based on a decrease in k R without any significant changes in k D .
Cumulative Na + absorption (I SC ) We further analyzed the cumulative Na + absorption (cumulative I SC as coulombs). As shown in Table 2 , treatment with aprotinin (40 μM) decreased the cumulative Na + absorption from 2985 to 2055 μC/cm 2 /day by 31%. One of the reasons that might cause this reduction would be a reduction in activity (open probability) of individual ENaC reported by Vallet et al. [35] , who have shown that aprotinin reduces the activity (open probability) of individual ENaC by 25% [35] . If aprotinin treatment applied in the present study could completely block the cleaving action of protease on ENaCs, such a reduction of individual ENaC activity should decrease the cumulative Na + reabsorption (I SC ) by 25% in aprotinin-treated cells. However, aprotinin decreased the cumulative Na + reabsorption observed in the present study (Table  2) by 31%, which is larger than the value, 25%, that could be attributed to a reduction in activity (open probability) of individual ENaC. This strongly supports the idea that aprotinin reduced the cumulative Na + reabsorption (I SC ) by diminishing the recycling rate (k R ) of ENaC to the apical membrane in addition to an aprotinin-mediated decrease in individual ENaC channel activity (open probability). Based on our estimate we suggest that the aprotinininduced 31% reduction of the cumulative Na + reabsorption should be at least partially due to a decrease in the recycling rate, k R , and that proteases can influence the surface expression of ENaC after hypotonic stress by affecting the intracellular trafficking of ENaC. 
Residency time of ENaC in the apical membrane after insertion; T AM (=1/k E )
The reciprocal of the rate of retrieval is the mean residency time of an ENaC channel in the apical membrane; T AM (=1/k E ). The value of T AM (=1/k E ) observed in untreated control cells was 3.92 ± 0.74 h (n = 5), while it was 3.53 ± 0.39 h (n = 5) in aprotinin-treated cells (Table 3 ). This shows a tendency that aprotinin decreases the residency time of ENaC in the apical membrane, but these were not significantly different. Table 3 . Residency time of ENaC in the apical membrane (T AM ); how long ENaC stays at the apical membrane after insertion of ENaCs into the apical membrane (T AM =1/k E ) and the cumulative time how long an individual ENaC stays at the apical membrane during its whole life-time period before degradation (T CTAM ) in the absence (control) and presence of aprotinin (40 μM). NS, no significant difference between control (n=5) and aprotinin (n=5). *, significantly different between control (n=5) and aprotinin (n=5) at p < 0.01
Cumulative time of an individual ENaC residing in the apical membrane before degradation; T CTAM
The mean residency time of a channel is the time between when it is first inserted in the apical membrane and the time when it is first retrieved. However, we know that some channels are subsequently recycled to the apical membrane so it is interesting to calculate the mean cumulative time that a channel will spend in the apical membrane before entering the degradative pathway (T CTAM ). This time reflects the cumulative Na + absorption. The T CTAM is expressed as follows.
where N R (see equation (15) ) is the number of times an ENaC channel is recycled to the apical membrane after the first retrieval. Aprotinin treatment significantly decreased the value of T CTAM by 32%: T CTAM , 3.81 ± 0.42 h in aprotinin-treated cells (n = 5); 5.61 ± 1.01 h in control cells (n = 5; p < 0.01: Table 3 ). This decrease in T CTAM after aprotinin treatment would be one reason that cumulative Na + absorption is reduced after aprotinin treatment. Indeed, aprotinin treatment reduced the cumulative Na + absorption by 31% (Table 2) , which is comparable to the aprotinin-induced reduction of T CTAM . This means that the aprotinin-induced reduction of T CTAM mainly accounts for the aprotinin-induced reduction of cumulative Na + absorption. Although we have no information on the aprotinin-induced reduction of individual ENaC activity (open probability) in the present study, we suggest that the aprotinin action on the cumulative Na + absorption (I SC ) should be mainly due to a reduction of T CTAM caused by a decrease in the recycling number, N R , based on a reduction of the recycling rate, k R , although a reduction of individual ENaC channel activity (open probability) might also at least partially contribute to the aprotinin-induced decrease in the cumulative Na + reabsorption.
Insertion rate (k I ) of cleaved and non-cleaved ENaCs
One of the most interesting points found in the present study is that cleavage of the extracellular loop of the γ ENaC subunit affects the insertion rate of ENaC into the apical membrane, k I . Only ENaC staying at the apical membrane could be exposed to aprotinin, but ENaCs staying in the insertion state (Insert) without having been at the apical membrane have no chance to be exposed to extracellularly applied aprotinin, which inhibits cleavage of extracellular loop of γ ENaC subunit [27, 32] . Therefore, unless endocytotic ENaCs from the apical membrane can be recycled to the intracellular store, the insertion rate (k I ) of ENaCs could not be altered by extracellular application of aprotinin. Thus, if aprotinin completely blocks the protease action on cleavage of γ ENaC subunit, the insertion rate (k I ) of ENaCs into the apical membrane in aprotinin-treated cells would be a measure of the insertion rate (k I non-cleaved ) of ENaC channels with an extracellular loop of γ ENaC that has not been cleaved by extracellular aprotinin regardless of ENaCs' residency in the apical membrane. On the other hand, the estimated insertion rate (k I shown as control in Table 1 ) of ENaC into the apical membrane in aprotinin-untreated control cells would express the average value (k I control , k I shown as control in Table 1 ) of the insertion rate (k I cleaved ) of 'cleaved' recycled ENaCs after insertion into the apical membrane and the insertion rate (k I non-cleaved ) of 'non-cleaved' ENaCs that have not been inserted. Based on these assumptions, we tried to estimate the insertion rate (k I cleaved ) of recycled ENaCs after their initial insertion in the apical membrane in aprotinin-untreated control cells, which should be fully cleaved by extracellular proteases. The relationship between k I control , k I non-cleaved , and k I cleaved is expressed below.
since k I control is estimated under a condition that 'non-cleaved' ENaCs are inserted into the apical membrane only one time and retrieved 'cleaved' ENaCs which have been inserted into the apical membrane at least once are recycled to the apical membrane N R times in aprotinin-untreated control cells. In equation (17), k I control = k I in aprotinin-untreated control cells and k I non-cleaved = k I in aprotinin-treated cells (see Table 1 ). Using equation (17), the value of k I cleaved was estimated to be 0.953 ± 0.330 (n = 5), which was significantly larger than Table 4 ).
Whole life-time of cleaved and non-cleaved ENaC after the first insertion to the apical membrane; T WLT
Aprotinin can affect ENaCs only after the initial insertion, therefore the insertion rate of ENaC into the apical membrane at the initial insertion irrespective of the presence of aprotinin is the 'non-cleaved' ENaC's insertion rate. Based on this phenomenon, to study the effect of cleavage of ENaC on the whole life-time of ENaC, we estimated the whole life-time of 'cleaved' and 'noncleaved' ENaC (T CLT ) after ENaC's initial insertion into the apical membrane as follows.
where N R (equation (15)) is the number of an individual ENaC recycled to the apical membrane. The values of T WLT of 'cleaved' and 'non-cleaved' ENaCs after the first insertion into the apical membrane were respectively 8.41 ± 0.53 h (n = 5) and 6.30 ± 0.76 h using the values of k I of 'cleaved' and 'non-cleaved' ENaCs shown in Table 4 (n = 5; #, p < 0.005 compared with that of 'cleaved' ENaC: Table 4 ). This estimation indicates that aprotinin decreases T WLT by diminishing the reinsertion (N R ) of internalized ENaC.
Discussion
In the present study, we have proposed a four-state model to clarify how the proteaseinduced cleavage of ENaC influences the rates of intracellular ENaC trafficking based on the recycling ratio of ENaC between an insertion state communicating with the plasma (apical) membrane and a degradative pathway for ENaC. ENaC is composed of three subunits, α, β and γ [30, 31] . In the present study, we propose that the protease-induced cleavage of ENaC influences the rates of intracellular ENaC trafficking. The application of aprotinin, an inhibitor of proteases, reduced the insertion rate, k I by 40%, the recycling rate, k R by 81%, and the recycling ratio of ENaC (R R ) to 7% from 30% under a hypotonic condition. These observations suggest that the protease-induced cleavage of the extracellular loop of γ ENaC subunit produces several changes in ENaC trafficking: 1) elevation of ENaC insertion rate into the apical membrane, and 2) enhanced recycling of intracellular ENaCs to the plasma membrane.
Another interesting observation is that application of aprotinin influenced the recycling ratio of ENaC (R R ) indicating that more active (cleaved) ENaCs are relatively easily relocated to the insertion state communicating with the apical membrane, resulting in longer residency time in the apical membrane and increased transcellular epithelial Na + transport. This means that some functional quality control of ENaCs is conducted after retrieval of ENaCs by regulating relative amounts of recycling vs. degradation of retrieved ENaC depending on whether the γ ENaC subunit is cleaved or not. Our observation on how long an individual ENaC stays at the apical membrane during its whole life-time period before degradation T CTAM shown in Table 3 was 5.61 h. Using T CTAM of 5.61 h, we calculated the half life-time of ENaC staying at the apical membrane, which was 3.89 h. This value is similar to that (3 ~ 3.5 h) reported by Gonzalez-Montelongo et al. [46] and Yu et al. [47] . Further, this value is not so different from that of the half-life time of cell surface β-ENaC, approximately 6 h [48] , although Weisz et al. [48] report the half-lives of α-and γ-ENaC subunits at the apical cell surface are more than 24 h and Lu et al. [49] suggest the half-life time of β-ENaC is about 30 min. The study reported by Lu et al. [49] is performed in MDCK cells overexpressed with ENaCs and the overexpression of ENaCs would affect the half-life staying at the apical membrane, although this speculation should be confirmed by further studies. On the other hand, Gonzalez-Montelongo et al. have [46] used Xenopus oocytes as an ENaC expression system to study ENaC trafficking. Although Xenopus oocytes express little, if any, endogenous ENaC, when ENaC is overexpressed in Xenopus oocytes, it might not be processed and trafficked the same as when ENaC is overexpressed in mammalian cells like the MDCK cells used in a study by Lu et al. [49] . These different conditions would affect the half-life of ENaC at the cell surface due to variation of ENaC trafficking rates.
Further, Lu et al. [49] have also reported that the cell-surface half-life of PY-motif mutants of β-ENaC (P616A, Y618A or L621A, with WT-αγ-ENaC) is 120 min, which is 4-fold longer than wt-ENaC (30 min), reflecting primarily reduced ENaC internalization (a decrease in the rate), but interestingly the ENaC with mutations have a reduced rate of return of cell-surface ENaC from a large sub-apical pool of ENaCs. The present study indicates that the proteaseinduced cleavage of ENaC increases the insertion rate (k I ) of ENaC into the apical membrane without any significant effect on the endocytotic rate (k E ). These observations indicate that the insertion rate (k I ) of ENaC into the apical membrane and the endocytotic rate (k E ) from the apical membrane are independently controlled by the different parts of ENaC structure.
Butterworth and his colleagues [50] have reported that dilution of air surface liquids exposed to ENaCs expressed in primary bronchial epithelial cells elevates ENaC activity and this effect on ENaC is mediated via diminution of the protease-inhibitor-induced blockade. In addition of the ENaC activity, they [50] have indicated that dilution of air surface liquids enhances the insertion of ENaC to the apical membrane using human lung epithelial cells. This action on the ENaC insertion to the apical membrane is also mediated through enhancement of ENaC proteolysis [50] . This repot [50] supports the results obtained in the present study, although little quantitative information on the ENaC trafficking is available in the report [50] .
The present study reports the rates of the intracellular ENaC trafficking and the information on how long ENaC stays at the apical membrane and the life-time of ENaC. However, we obtained the values under a non-physiological hypotonic condition. Therefore, the information shown in the present study has limitations in comparing with the values reported from other laboratories. To remove these limitations, it would be worth attempting to use much milder hypotonicity closer to a normal osmolarity or other physiological stimuli, although the use of milder hypotonicity would cause difficulties in detecting changes in ENaC trafficking.
We should further consider the effect of hypotonicity on the paracellular shunt, which would influence ion transport including Na + absorption across epithelial cells. As mentioned in the methods section, our previous reports [29, 39] have indicated that 1 μM benzamil, a specific blocker of ENaC [40] , blocks almost completely the basal I SC and hypotonicity induces only a negligibly small increase in I SC in the presence of 1 μM benzamil. These observations mean that the hypotonicity-induced Isc consists of a benzamil-sensitive ENaC-mediated current. Hypotonicity induced by a reduction of Na + concentration in the extracellular solution from 120 to 60 mM would diminish E Na (the equilibrium potential for Na + ) by 18 mV if the intracellular Na + concentration does not change. If so, the ENaC-mediated I SC would become smaller by 18% due to a reduction of the driving force for Na + entry based on the assumption that E Na would diminish by 18 mV from 59 mV to 41 mV if the intracellular Na + concentration is 12 mM and the apical membrane potential is -40 mV. Therefore, we should consider that there might be some hypotonicity-induced decrease in the driving force for Na + entry.
In the present study, we did not consider the ENaC biosynthetic pathway. We supplied no serum or amino acids in the Ussing chamber, expecting no contribution of newly synthesized ENaC protein to the I SC . However, this may mislead to wrong conclusions due to newly synthesized ENaC protein. Therefore, we applied brefeldin A, a blocker of protein trafficking from endoplasmic reticulum to Golgi apparatus, to study if newly synthesized ENaC protein would affect the conclusion. Application of brefeldin A did not significantly affect the results or conclusions obtained in the present study (data not shown), meaning that newly synthesized ENaC proteins would not affect the conclusion of the present study. Thus, although some newly synthesized ENaC protein might contribute to the I SC under the condition of the present study, the conclusion obtained in the present study would not be changed.
The insertion state of newly synthesized ENaC would be different form that of recycled one. The model proposed in the present study contains only one insertion state of ENaCs. This hypothesizes that newly synthesized and recycled ENaCs stay in the same state. The insertion rate (k I ) of ENaC shown in Table 1 expresses the average value of k I of newly synthesized ENaC and k I of recycled ENaC. Although we could not exactly determine the values of k I of newly synthesized and recycled ENaCs, we assume them as follows. In the aprotinin-treated case, the relocation number N R of non-cleaved ENaC was 0.08 (Table 2) . Therefore, the I SC observed in the presence of aprotinin was carried by most of newly synthesized ENaCs, suggesting that the insertion rate (k I non-cleaved ) of 'non-cleaved' ENaCs shown in Table 4 might be almost identical to the insertion rate (k I newly-synth ) of newly synthesized ENaC. Nevertheless, we should further consider a possibility that a small part of recycled non-cleaved ENaC would affect the estimation of k I newly-synth . Equation (19) shows the relationship between k I newly-synth and k I recyl-non-cleaved (k I of recycled non-cleaved ENaC).
where N R non-cleaved is N R in aprotinin-treated cells. Therefore, k I newly-synth is shown as equation (20) .
If k I recyl-non-cleaved would be closed to 0 without limit, k I newly-synth is 0.322, which is the maximum value of k I newly-synth . On the other hand, we should also estimate the minimum value of k I newly-synth . The value of k I recyl-non-cleaved would be smaller than k I cleaved , since aprotinin decreased k I . This means that the value of k I recyl-non-cleaved would be less than that of k I cleaved , 0.953 (Table  4) . Therefore, the minimum value of k I newly-synth is estimated to be 0.246. These estimations indicate that k I newly-synth would be 0.246 ~ 0.322, although we should try to directly estimate the value of k I newly-synth applying any methods blocking the recycling of ENaC or depleting the pool storing newly synthesized ENaC.
To prove if the model proposed in the present study could be applied under general conditions, we studied the effect of PMA on ENaC trafficking using this model, since PMA is known to stimulate ENaC retrevial/degradation in A6 cells [51] . We applied PMA (15 nM) into the isotonic solution for 1 h preconditioning time period and the hypotonic solution for whole time period measuring Isc. This PMA application increased k D to 4.935 ± 1.510 (n = 4) from 0.888 ±0. 137 (n = 5: p < 0.001), supporting that the model proposed in the present study could be generally applied for analysis of intracellular ENaC trafficking mechanisms.
A6 cells are renal epithelial cells derived from the kidney of Xenopus laevis. Although A6 cells are not mammalian cell line, A6 cells show similar behaviors and responses to environmental changes such as osmolality and hormones such as aldosterone and arginine vasopressin via V 2 receptor as an antidiuretic hormone observed in mammalian cells [3, 10, 13, 14, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . In addition to these factors, A6 cells show a change in ENaC-mediated Na + transport responding to hypotonicity via modification of intracellular ENaC trafficking as shown in the present study. Human airway epithelial cells also show a similar response to osmotic stress via modification of intracellular ENaC trafficking [50] . This means that A6 cells show responses to osmolality similar to human epithelial cells. Taken together, these observations suggest that A6 cells are a useful model cell line to study ENaC properties similar to mammalian cells.
One of the main mechanisms regulating endocytosis of ENaC is ubiquitination [63] . Some reports suggest that ubiquitination of ENaC influences the protease-induced cleavage of ENaC [64, 65] . However, it is unknown if the extracellular protease-induced cleavage of γ ENaC subunit affects ubiquitination of ENaCs. Our present study indicates that: 1) the cleavage of γ ENaC subunit might not affect endocytosis (the endocytotic rate, k E ), suggesting the possibility that ubiquitination of ENaC might be independent of the extracellular protease-induced cleavage of γ ENaC subunit; 2) the cleavage of γ ENaC subunit would play a role in functional quality control of ENaC determining recycling of retrieved ENaC to the apical membrane by regulating the recycling rate but not the degradation rate.
Conclusion
The present study indicates that application of aprotinin reduced the insertion rate (k I ), the recycling rate (k R ) of ENaCs, and the recycling of ENaCs in cells with hypotonic stress. These observations in turn indicate that the extracellular protease-induced cleavage of the extracellular loop of γ ENaC subunit increases transcellular epithelial Na + transport by elevating the recycling rate of ENaC due to an increase in the recycling rate (k R ) of ENaCs associated with increases in the insertion rate (k I ) of ENaC.
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